MBoC | ARTICLE Diverse activities of viral cis-acting RNA regulatory elements revealed using multicolor, long-term, single-cell imaging ABSTRACT Cis-acting RNA structural elements govern crucial aspects of viral gene expression. How these structures and other posttranscriptional signals affect RNA trafficking and translation in the context of single cells is poorly understood. Herein we describe a multicolor, long-term (>24 h) imaging strategy for measuring integrated aspects of viral RNA regulatory control in individual cells. We apply this strategy to demonstrate differential mRNA trafficking behaviors governed by RNA elements derived from three retroviruses (HIV-1, murine leukemia virus, and Mason-Pfizer monkey virus), two hepadnaviruses (hepatitis B virus and woodchuck hepatitis virus), and an intron-retaining transcript encoded by the cellular NXF1 gene. Striking behaviors include "burst" RNA nuclear export dynamics regulated by HIV-1's Rev response element and the viral Rev protein; transient aggregations of RNAs into discrete foci at or near the nuclear membrane triggered by multiple elements; and a novel, pulsiform RNA export activity regulated by the hepadnaviral posttranscriptional regulatory element. We incorporate single-cell tracking and a data-mining algorithm into our approach to obtain RNA element-specific, high-resolution gene expression signatures. Together these imaging assays constitute a tractable, systems-based platform for studying otherwise difficult to access spatiotemporal features of viral and cellular gene regulation.
INTRODUCTION
Reverse-transcribing viruses include retroviruses and hepadnaviruses such as the human immunodeficiency virus type 1 (HIV-1) and hepatitis B virus (HBV), respectively. Combined, these viruses cause millions of deaths annually due to the acquired immunodeficiency syndrome (HIV/AIDS) and HBV-associated cirrhosis and/or liver cancer and other diseases (UNAIDS, 2016; WHO, 2016) . Both of these families of viruses express essential genes using unspliced or partially spliced mRNAs and are thus under selective pressure to circumvent potent cellular blocks to the nuclear export and translation of mRNAs that bear introns (Le Hir et al., 2003; Nott et al., 2004; Köhler and Hurt, 2007; Siddiqui and Borden, 2012) . These viruses overcome these blocks using cis-acting RNA structural elements, encoded within intron-retaining viral RNAs, that recruit select viral or cellular transport proteins capable of ensuring efficient RNA nuclear export and cytoplasmic utilization (Harris and Hope, 2000; Cullen, 2003; Sommer and Heise, 2008; Chen et al., 2014) . A thorough understanding of these essential virus-host interfaces and the cellular factors involved is needed to better understand viral posttranscriptional RNA regulation and to inform the development of antiviral strategies capable of selectively abrogating viral gene expression (McKnight and Heinz, 2003; Caly et al., 2012; Vercruysse and Daelemans, 2013; Chen et al., 2014; Grice, 2015) .
Monitoring Editor
Sandra Wolin Yale University ∼590-nt sequence frequently included in gene therapy vectors and other expression vectors that markedly boosts the expression of transgenes of diverse origins (Loeb et al., 1999; Zufferey et al., 1999; Paterna et al., 2000; Somia and Verma, 2000; Pfeifer et al., 2001; Hope, 2002; Sinn et al., 2005) . HBV's PRE (HPRE) is an ∼400-nt structure found in all viral mRNAs, including full-length pregenomic RNAs packaged into virions (Sommer and Heise, 2008) . The notion that the HPRE functions at least in part as an export element reflects its capacity to replace the RRE functionally in the context of intronbearing HIV-1 gag-pol mRNAs, other intron-retaining mRNAs Yen, 1994, 1995; Donello et al., 1996; Jin et al., 2009) , and some intronless transcripts (Huang and Liang, 1993) . Depending on the transcript and the context, however, the HPRE may play roles not only in nuclear export (Huang and Liang, 1993; Yen, 1994, 1995; Donello et al., 1998; Heise et al., 2006; Li et al., 2010) but also in regulating pre-mRNA splicing (Heise et al., 2006; Sommer and Heise, 2008; Huang et al., 2011a) and mRNA stability (Zang et al., 2001; Ehlers et al., 2004) . The relative contributions of CRM1, NXF1/NXT1, and/or other factors to HPRE-or WPREregulated RNA nuclear egress and cytoplasmic utilization are only partially elucidated Zang and Yen, 1999; Zang et al., 2001; Horke et al., 2002; Popa et al., 2002; Li et al., 2009; Chen et al., 2014; Yang et al., 2014) .
NXF1/NXT1 is thought to represent the canonical mRNA nuclear export pathway, while CRM1 represents a more specialized RNA export pathway responsible for the nuclear export of only a subset of cellular RNAs, including 5S rRNAs, U small nuclear RNAs, and some mRNAs; in all cases requiring NES-bearing adaptor proteins (Harris and Hope, 2000; Cullen, 2003; Köhler and Hurt, 2007; Siddiqui and Borden, 2012; Natalizio and Wente, 2013; Delaleau and Borden, 2015; Okamura et al., 2015) . Why select viruses are adapted to exploit one pathway versus another is still unknown. We and others have hypothesized that trafficking aspects inherent to each nucleocytoplasmic transport program (e.g., NXF1/NXT1 or CRM1 regulated) govern specific events in the cytoplasm relevant to the efficiency of infectious virion production (Cullen, 2003; Swanson et al., 2004; Cochrane et al., 2006; Swanson and Malim, 2006; Pocock et al., 2016) . In support of this hypothesis, we have shown that HIV-1 mRNAs in the Rev/RRE/CRM1 pathway exhibit a "burstlike" nuclear export behavior, with viral RNAs leaving the nucleus en masse to flood the cytoplasm in a nonlocalized manner (Pocock et al., 2016) . By contrast, the M-PMV CTE and NXF1/NXT1 preferentially link RNAs to microtubules, directing their rapid transport to and from the microtubule-organizing center (MTOC). Molecular dissection of these and other viral RNA trafficking pathways and their functional consequences is an important and attainable goal.
To better address challenges inherent to studying diverse viral (or cellular) cis-acting RNA regulatory elements and other posttranscriptional regulatory signals using traditional biochemical approaches, in this study, we designed and implemented a broadly applicable, quantitative, systems-based, largely automated strategy to directly visualize and measure multiple activities of cis-acting RNA elements in many individual cells simultaneously. We accomplished this goal by integrating a combination of genetic, live-cell video microscopy, and enhanced computational image analysis approaches. The resulting system measures the ability of discrete, transferable RNA elements to reprogram the trafficking and translation of heterologous, two-color, intronless reporter mRNAs encoding the cyan fluorescent protein (CFP) and tagged using MS2-yellow fluorescent protein (YFP) fusion proteins for up to 30 h of reporter gene expression. We tested our system on previously validated HIV-1 RRE and M-PMV CTE sequences and, for the first time, compared these HIV-1's Rev response element (RRE) is the most extensively studied RNA posttranscriptional regulatory element. The RRE is a dynamic, ∼350-nucleotide (nt) multiple stem-loop structure that activates viral late gene expression by binding to the viral Rev protein (Pollard and Malim, 1998; Fernandes et al., 2012; Rausch and Grice, 2015; Sherpa et al., 2015) . Rev is translated from fully spliced viral mRNAs, trafficked to the nucleus, and allowed to multimerize on the RRE, where it can then recruit the cellular CRM1 nuclear export receptor (also known as exportin-1 or XPO1) through the activity of Rev's leucine-rich nuclear export signal (NES; Olsen et al., 1990; Malim and Cullen, 1991; Fornerod et al., 1997; Fukuda et al., 1997; Neville et al., 1997) . Mutating Rev to no longer bind either the RRE or CRM1 abolishes nuclear export of full-length, unspliced viral genomic RNAs (gRNAs) that serve as mRNAs encoding the Gag and Gag-Pol capsid proteins and a subset of partially spliced viral mRNAs that encode the Vif, Vpu, and Env proteins (Daly et al., 1989; Heaphy et al., 1990; Malim et al., 1990; Pollard and Malim, 1998; Hope, 1999) . The RRE is thus traditionally referred to as an "export element." However, Rev and the RRE may also contribute to other stages of the viral life cycle, including Gag/Gag-Pol translation and genome encapsidation during virion assembly (Brandt et al., 2007; Bolinger and Boris-Lawrie, 2009; Groom et al., 2009a,b; Cockrell et al., 2011) . Rev-related proteins and functionally equivalent RRE-like RNA structures are conserved among retroviruses considered genetically complex, that is, they encode one or more regulatory or immunomodulatory genes in addition to the three core structural and replicase genes gag, pol, and env (Vogt, 1997) . These viruses include all members of the lentiviridae (e.g., HIV-1 and HIV-2) and deltaretroviridae (e.g., human T-lymphotropic viruses type 1 and type 2) subfamilies and a subset of betaretroviruses, including mouse mammary tumor virus (Indik et al., 2005; Mertz et al., 2005 Mertz et al., , 2009 Müllner et al., 2008) , Jaagsiekte sheep retrovirus Nitta et al., 2009) , and human endogenous retrovirus K (Yang et al., , 2000 .
Genetically simpler retroviruses that lack Rev-like proteins are CRM1 independent and instead employ RNA structures known as constitutive transport elements (CTEs) that directly bind components of the cellular NXF1/NXT1 (also known as Tap/p15) nuclear export machinery (Harris and Hope, 2000; Hammarskjöld, 2001; Cullen, 2003; Bolinger and Boris-Lawrie, 2009 ). The best-characterized CTE is a transferable, ∼150-nt extended stem-loop structure derived from the betaretrovirus Mason-Pfizer monkey virus (M-PMV) that binds two NXF1/NXT1 heterodimers (Bray et al., 1994; Ernst et al., 1997; Pasquinelli et al., 1997; Grüter et al., 1998) . Interestingly, a CTE with similar sequence, structure, and activity was recently identified in an intron-retaining variant of the cellular NXF1 mRNA itself, thus suggesting that M-PMV has coopted its CTE from a pre-existing cellular gene regulatory module (Li et al., 2006; Wang et al., 2015) . Additional, more structurally complex CTE-like elements have been identified in other retroviruses and endogenous retroelements (Tabernero, 1996 (Tabernero, , 1997 Ogert and Beemon, 1998; Paca et al., 2000; Nappi et al., 2001; Wodrich et al., 2001; Lindtner et al., 2002; Ribet et al., 2007) , and most recently within the pol open-reading frames of the gammaretroviruses murine leukemia virus (MLV) and xenotropic MLV-related virus (Bartels and Luban, 2014; Pessel-Vivares et al., 2014; Sakuma et al., 2014) .
Hepadnaviruses also express genes using intron-retaining mRNAs and thus require the activities of cis-acting RNA structures known as posttranscriptional regulatory elements (PREs; Huang and Liang, 1993; Yen, 1994, 1995; Donello et al., 1996) . That the PRE can potently modulate mRNA transport and/or translation is well-illustrated by the woodchuck hepatitis virus PRE (WPRE), an cfp-MSL transcripts lacking an export element (∆EE; Figure 2A) ; transcripts bearing the RRE expressed either without or with Rev ( Figure 2 , B and C); CTEs or CTE-like elements derived from M-PMV, MLV, and the cellular NXF1 gene (Figure 2 , D-F); and the HBV or WHV PREs ( Figure 2G , only the WPRE is shown but both elements exhibited similar activities; see Figure 3E ). In these experiments, plasmids expressing each transcript were transfected activities with CTE-like regulatory sequences derived from MLV and NXF1 and PREs from HBV and WHV. We applied single-cell tracking and a data-mining algorithm, K-means clustering, to classify CFP expression profiles for a subset of the RNA elements, thereby deriving unique, high-resolution single-cell translation/turnover signatures. Collectively these assays comprise a useful systems-based platform for elucidating novel spatiotemporal aspects of viral and cellular gene regulation.
RESULTS
Three-color system for studying viral RNA regulatory elements Figure 1A depicts our three-color imaging-based strategy for measuring viral mRNA trafficking and translation effects linked to distinct cis-acting RNA regulatory elements. The system is based on intronless mRNAs encoding a CFP reporter and tracked in living cells using MS2-YFP tagging (Bertrand et al., 1998) . Briefly, each cfp transcript is modified to encode 24 copies of the MS2 bacteriophage stem loop (24 x MSL) positioned just upstream of the poly(A) tail (no export element or ∆EE) or a distinct, transferable cis-acting RNA regulatory element in the 3′UTR prior to the poly(A) tail ( Figure 1A , RRE shown as an example). Plasmids encoding each mRNA of interest are transfected into HeLa cells engineered to stably express low levels of nuclear-targeted MS2-YFP and also an mCherry-NLS nuclear marker (HeLa-MS2-YFP/mChe-NLS cells; see Materials and Methods for transfection details). Because the MS2-YFP protein dimerizes, up to 48 MS2-YFP proteins are bound to each 24xMSL cassette during transcription, thus forming discrete nuclear punctae that can subsequently be tracked moving from the nucleus to the cytoplasm ( Figure  1A ). The mCherry-NLS nuclear marker (shown in Figure 1B ) was used to reliably track individual cells and also to segment cells computationally into defined nuclear and cytoplasmic regions for measuring changes to MS2-YFP subcellular distribution and CFP intensity. Figure 1B (and Supplemental Video 1) presents an example of single-cell tracking for transcripts encoding the HIV-1 RRE coexpressed with Rev and imaged over 3 h. The MS2-YFP signal (green) adopts a "mottled" distribution in the nucleus before "burst" export to the cytoplasm coincident with large increases to CFP synthesis ( Figure 1B , compare green and blue panels, and Supplemental Video 1). Nuclear export was measured as increases in the ratio of cytoplasmic to nuclear MS2-YFP median fluorescence intensity (MFI) over time ( Figure 1C , green trace), while CFP expression was quantified by measuring net increases to CFP MFI ( Figure 1D , blue trace). Signals were background subtracted and normalized to single-cell mCherry-NLS levels to control for changes to cell physiology or rare illumination fluctuations due to the LED lamp source over time. Examples of mCherry-NLS signals are depicted in Figure 1 , C and D (red traces), to illustrate the utility of this control.
Taken together, these data show that three fluorescent probes (MS2-YFP, CFP, and mCherry-NLS) provide dynamic, quantitative readouts for mRNA trafficking and CFP reporter gene expression in the context of single cells. As described below (Figure 2 ), an additional important aspect of the system is that it is capable of recording events for >24 h, thus allowing us to detect transient and/ or recurring gene expression activities that would otherwise be missed using conventional short-term (i.e., on the order of minutes to hours) imaging strategies.
Differing mRNA trafficking behaviors attributable to distinct cis-acting RNA elements
To directly compare the activities of several diverse viral or cellular cis-acting RNA elements in a single experiment, we monitored FIGURE 1: Overview of multicolor imaging strategy. (A) Cartoon depiction of HeLa cells engineered to stably express nuclear MS2-YFP and mCherry-NLS and transfected with plasmids encoding cfp mRNAs bearing 24 copies of the MS2 binding stem loop (24x MSL). These cells allow for direct measurements of mRNA transcription, nuclear export, cytoplasmic trafficking, and translation (Pocock et al., 2016) . Upon transcription, cfp-MSL transcripts bind up to 48 MS2-YFP proteins (Femino et al., 1998) , thereby forming nuclear punctae that are subsequently trafficked to the cytoplasm during the process of nuclear export. The tagged mRNA is then translated to generate CFP. (B) Images from time-lapse video microscopy showing an example of the processes described in A for cfp mRNAs bearing the 24xMSL cassette and modified to carry the HIV-1 RRE and expressed in the presence of Rev. The MS2-YFP signal transitions from the nucleus to the cytoplasm coincident with the onset of CFP expression (with first detection of CFP signal between t = 0 and t = 1 h). The constitutively expressed mCherry-NLS nuclear marker served as a control for segmenting the cell into nuclear and cytoplasmic compartments, thus allowing for automated measurements of MFI for each reporter. Scale bar: 5 µm. (C, D) Examples of measurements of single-cell mRNA nuclear export and CFP synthesis based on net changes to the cytoplasm-to-nuclear ratio of MS2-YFP MFI (C) and changes to CFP MFI (D) over time.
Expression of the parental cfp-MSL control transcript bearing no export element (cfp-∆EE) caused the formation of MS2-YFP nuclear punctae consistent with transcription events followed by induction of a mottled MS2-YFP distribution in the nucleoplasm ( Figure 2A and Supplemental Video 4). Although these transcripts were competent for CFP translation (see Figure 3F ), we observed only low levels of MS2-YFP signal accumulating in the cytoplasm over time (Figure 2A and Supplemental Video 4). In the absence of Rev, MS2-YFP signals for HIV-1 RRE-bearing transcripts (cfp-RRE) also formed nuclear punctae that similarly transitioned to a mottled distribution in the nucleoplasm (compare Figure 2A with Figure 2B ). By contrast, coexpression of Rev activated "burst" nuclear export of the cfp-RRE transcripts, with the bulk of the into HeLa-MS2-YFP/mCherry-NLS cells plated in eight-well slides and the cells were imaged for 24 h at 20x magnification, recording YFP, CFP, and mCherry channels at 30 min intervals. An example of three-color raw data acquisition for the WPRE condition is presented in Supplemental Video 2. A control experiment confirming the consistency of the mCherry-nuclear localization signal (mCherry-NLS) signal across more than 24 h for all conditions is shown in Supplemental Video 3. The central panels of Figure 2 show video capture of marked changes to MS2-YFP subcellular localization over time in CFP-expressing cells, with the MS2-YFP signals shown in black on white for visual clarity. Quantification of dynamic single-cell mRNA trafficking behaviors for CFP-expressing cells for each condition is shown in the graphs to the right. a single bright focus at or near the nuclear membrane, consistent with our prior description of CTE-linked mRNAs undergoing directed trafficking to the MTOC via microtubules (Pocock et al., 2016) . Similar observations were made for the CTE derived from the cellular NXF1 intron-retaining transcript variant ( Figure 2F ), which is closely related in both structure and function to the M-PMV CTE (Li et al., 2006) . For both the M-PMV and NXF1 CTEs, formation of bright MS2-YFP foci was typically followed within 30-60 min by signal accumulating within the nucleoplasm in a mottled distribution (Figure 2, D and F) . Interestingly, the MLV pol sequence frequently caused a different behavior, wherein the MS2-YFP focus disappeared and the signal subsequently coalesced into large nucleus-confined speckles ( Figure 2E , green bar in graph). Unlike the RRE plus Rev condition, only low levels of signal were detected in the cytoplasm at any time point for the CTE or CTE-like elements (e.g., compare Figure  2C with Figure 2D ). Thus these comparative imaging experiments revealed differing RNA trafficking behaviors specific to RREor CTE-mediated regulation of our model cfp transcripts. As expected, the structurally similar M-PMV and NXF1 CTEs conferred similar behavioral profiles (compare Figure  2D with Figure 2F ). By contrast, the MLV pol sequence, which is much larger and more complex (∼3.5 kb relative to <0.5 kb for M-PMV and NXF1 CTEs), exhibited an additional unique activity, formation of pronounced nuclear speckles.
Identification of a novel pulsiform RNA export activity regulated by the hepadnavirus PRE Considering the PRE's established role in markedly enhancing gene expression (Loeb et al., 1999; Zufferey et al., 1999; Paterna et al., 2000; Somia and Verma, 2000; Pfeifer et al., 2001; Hope, 2002; Sinn et al., 2005) , we were particularly interested in comparing the RNA trafficking activities of the HBV and WHV PREs to those of the retroviral RRE and CTE structures ( Figure 2G [WPRE is shown] and Figure 3 , C-G). PRE-linked mRNA trafficking has never before been directly visualized. Interestingly, we observed a "hybrid" mRNA trafficking signature for PRE transcripts, wherein, in some instances, the MS2-YFP signal both coalesced in a single perinuclear focus and also underwent "burst-like" RNA export dynamics similar to the RRE plus Rev condition ( Figure 2G ). However, we also noted a remarkable difference in the burst events observed for PRE or RRE plus Rev conditions. We typically observed only a single burst event for the RRE-bearing transcripts expressed with Rev, even over many hours of imaging ( Figure 2C , see 1 h time point). By contrast, we often observed two or more burst export events per MS2-YFP signal relocalized from the nucleus to the cytoplasm in >30% of cells ( Figure 2C , purple bar in graph, and Supplemental Video 5). These observations were similar to previous observations by our group for full-length, intron-retaining HIV-1 genomic RNAs and other Rev/RRE-dependent viral mRNAs (Pocock et al., 2016) . Thus burst export is a potent and intrinsic transferable feature of the Rev/RRE/CRM1 export module. By contrast, the activities of the ∆EE condition established a baseline for expected trafficking and reporter gene expression phenotypes (Figure 2A and Supplemental Video 4).
For transcripts bearing the M-PMV and MLV CTEs (Figure 2 , D and E), we frequently observed nuclear punctae coalescing in Correlating RRE-and PRE-linked mRNA trafficking phenotypes to single-cell reporter gene expression dynamics.
Having established particularly striking mRNA trafficking signatures intrinsic to the RRE-and PRE-linked conditions, we next sought to determine the relationship between these behaviors and subsequent mRNA translation kinetics in the cytoplasm (Figure 3, F and G) . To this end, we used single-cell tracking and computational cell segmentation (see Materials and Methods) to derive per cell changes to MS2-YFP subcellular distribution, with "nuclear export" defined as increases to the ratio of cytoplasmic to nuclear MS2-YFP MFI over time (shown in Figure 3F ). These mRNA trafficking dynamics were compared with per cell increases to CFP MFI for identical conditions evaluated over a 20 h time course ( Figure 3G ). In these experiments, our analysis of per cell MS2-YFP distribution was initiated at the onset of CFP synthesis, a time point at which we already detected low to moderate levels of MS2-YFP in the cytoplasm ( Figure 3F , t = 0). As expected, our analysis demonstrated much greater net transitions of MS2-YFP signal from the nucleus to the cytoplasm over time for the RRE plus Rev and WPRE conditions relative to either the ∆EE or RRE alone controls ( Figure 3F ). Accordingly, changes to single-cell CFP MFI were much more pronounced for the bursting conditions, exhibiting two-to fourfold net increases to CFP MFI relative to the ∆EE control at the 20 h time point ( Figure 3G ). However, we noted that the RRE plus Rev and PRE conditions were not identical. The RRE plus Rev condition tended to trigger earlier, more rapid increases to mRNA nuclear export, while the effects of the WPRE were more linear ( Figure 3F ).
Determining high-resolution gene expression kinetics using K-means clustering
Data-mining principles inspired us to explore additional novel ways to extract information from a multitude of dynamic, single-cell gene expression profiles. We tested the use of K-means clustering, a classification algorithm, to objectively derive single-cell CFP translation/turnover signatures reflecting the activities of the ∆EE, RRE alone, RRE plus Rev, and WPRE conditions (Figure 4 ). K-means clustering of CFP expression profiles assumes that each RNA regulatory element will cause a unique distribution of CFP single-cell rise profiles (relative changes to MFI over time), with clustering based on CFP signal-overtime shape similarity (Eisen et al., 1998; Tamayo et al., 1999; Tavazoie et al., 1999; Gasch and Eisen, 2002; Huang et al., 2011b; BarJoseph et al., 2012 ). An attractive feature of the approach is that it normalizes data sets for experiments despite the heterogeneity intrinsic to transfected cells, wherein all cells may not have taken up equivalent amounts of DNA plasmids. For our K-means clustering analysis, more than 300 single cells were tracked for 30 h with a 10× objective for each of the four conditions of interest (∆EE, RRE alone, RRE plus Rev, and WPRE) and normalized to the cell for PRE-bearing transcripts ( Figure 2G , see 6 and 8 h time points), Imaging at higher magnification (a 40× instead of a 20× objective, as for the analysis presented in Figure 2 ) over 20 h confirmed that cfp-RRE plus Rev burst export was characterized by a buildup of MS2-YFP punctae in the nuclear compartment before gradual increases to cytoplasmic signal and concomitant loss of nuclear signal over the course of the imaging experiment (Figure 3 , A and B, and Supplemental Video 5). By contrast, for the HPRE or WPRE, burstlike MS2-YFP evacuation from the nucleus was followed by a rapid loss of cytoplasmic signal over time, followed by repeated cycles of MS2-YFP nuclear buildup, burst export, and loss of cytoplasmic signal (compare Figure 3 , C and D, with Figure 3 , A and B, and Supplemental Video 6 with Supplemental Video 5). Repeated nucleocytoplasmic cycling for the WPRE and HPRE conditions occurred as many as five times per cell over a set time course of 15 h ( Figure 3E ). In some cells (e.g., the cell featured in Figure 3C and Supplemental Video 6) the periodicity of nucleocytoplasmic flux was less than 2 h ( Figure 3D ). Thus inclusion of a PRE in a heterologous mRNA context is capable of dramatically reprogramming nucleocytoplasmic transport behaviors. Such pulsiform RNA nuclear export activity has never previously been described and could have bearing on why these elements (in particular the WPRE) are useful for stimulating gene expression from vectors and in the context of the hepadnaviral life cycle. erogeneity can be amplified in transfection-based single-cell assays, reflecting differences not only to cell biology but also to per cell levels of plasmid uptake. A core strength of our system is that it assumes heterogeneity and is designed to capture, average, and categorize large numbers of single-cell behaviors in order to compare them directly among differing RNA conditions. K-means clustering is a particularly useful exploratory tool for studying such variability and thus highlights behaviors of interest for more in-depth study as illustrated in Figure 4 .
The system should be readily adaptable to study many types of posttranscriptional signaling, for example, by swapping out 5′ untranslated region (UTR) regulatory elements, adding introns, or modulating the expression of RNA regulatory factors (as illustrated by studying the effects of Rev on the RRE). Moreover, although currently not configured to directly measure per cell RNA translation rates or protein turnover, the system might be modified to do so using either photoconvertible reporters or by tracking reporter persistence in response to inhibitors of transcription and/or translation, assuming equivalent rates of protein folding. Indeed, a current goal is to employ destabilized versions of CFP in order to measure reporter gene dynamics with greater precision, for example, to test the hypothesis that the PRE-regulated pulsiform RNA export behavior correlates with punctuated, periodic bursts of protein synthesis (Li et al., 1998; Corish and Tyler-Smith, 1999) .
We observed a remarkable diversity of mRNA trafficking behaviors for even a relatively small sampling of RNA regulatory elements (Figure 2 ). Directed mRNA trafficking and compartmentalization play a crucial role in regulated gene expression (Giorgi and Moore, 2007; Martin and Ephrussi, 2009; Eliscovich et al., 2013; Buxbaum et al., 2015) . For example, during embryogenesis, more than 70% of mRNAs are compartmentalized in cells and are essential to providing spatial cues for tissue development (Lécuyer et al., 2007) . Directed mRNA trafficking also plays prominent roles in somatic cell processes such as regulation of the actin cytoskeleton in fibroblasts (Kislauskis et al., 1994; Czaplinski and Singer, 2006) and long-range transport of RNA-protein complexes in the axons and dendrites of neurons (Martin and Zukin, 2006; Holt and Bullock, 2009; Donnelly et al., 2010; Czaplinski, 2014) . Fluorescently tagged RNAs have been used previously to measure the dynamics of transcription and/ or posttranscriptional regulatory activities, including mRNA subcellular trafficking and translation, but only over relatively short time windows (minutes to hours) (Bertrand et al., 1998; Femino et al., 1998; Larson et al., 2011 Larson et al., , 2013 Trcek et al., 2011; Coulon et al., 2013; Buxbaum et al., 2015; Halstead et al., 2015; Wu et al., 2016; Yan et al., 2016) . Although our long-term strategy (hours to days) lacks the resolution to pinpoint nanoscale stochastic activities such as individual transcription, nuclear export, or translation events, the advantage of our approach is its ability to sequentially capture broad-scale mRNA trafficking and compartmentalization phenotypes that are transient and/or recurring (e.g., focus formation or burst nuclear export; Figure 2 ) and thus only apparent when monitoring cells over the entire duration of the cell cycle. Moreover, as configured, our strategy allows us to correlate mRNA trafficking dynamics to protein synthesis effects for hundreds of cells per condition.
A more targeted goal was to study links between viral RNA trafficking behaviors and translation kinetics, with the hope of better understanding the complex gene regulatory pathways that underpin the late, productive stages of viral infection. All viruses must compartmentalize mRNAs and genomes in specific regions of the cell in order to 1) ensure efficient virion assembly, 2) evade the innate cellular antiviral immune defense, and 3) promote the transfer minimum to maximum range of CFP MFI over time [0, 1] , with rise curves combined into a single pooled data set (n = 1638 cells) before being portioned into six discrete clusters ( Figure 4A , clusters A-F). A chi-square test for homogeneity of multiple populations confirmed cell populations for each element were not evenly distributed among clusters (p < 0.0005). Traces were color-coded for each individual export element ( Figure 4A ), with the average behavior for each of the six groups depicted in Figure 4B . ∆EE transcripts predominantly yielded CFP rise signatures in clusters C and D (>60% of cells), with relatively linear overall rates of increase to CFP levels over the course of the experiment ( Figure 4C) . Interestingly, the addition of the RRE, expressed in the absence of Rev, led to a profile in which increases to CFP MFI were more rapid at early time points relative to the ∆EE control ( Figure 4C , >60% of cells in clusters B and C), consistent with the notion that the RRE has roles in regulating viral gene expression that extend beyond its interactions with Rev (Bolinger and Boris-Lawrie, 2009; Groom et al., 2009b) . Indeed, the RRE no Rev condition made up the majority of cluster A behaviors (∼50% of this cluster), defined by a rapid early rise to CFP expression before a plateau (see Figure 4C , cluster A). By contrast, the addition of Rev moderately shifted the rise signature back toward clusters B and C ( Figure 4C , compare purple and red bars).
The majority of CFP rise profiles for the WPRE-bearing transcripts (>60% of cells) largely partitioned into the more "linear" C and D clusters, similar to the ∆EE control ( Figure 4C , yellow bars) and consistent with the linear effects we observed on mRNA nuclear export and CFP reporter gene expression in the aggregate analyses presented in Figure 3 , F and G. However, we did note a unique subgroup (∼14% of cells) for the WPRE condition that almost exclusively populated clusters E and F, exhibiting very low CFP MFI (relative to peak expression) for several hours before explosive, very rapid increases at the latest time points ( Figure 4A , clusters E and F, gold traces, and Figure 4C , yellow bars). Combined with the interesting RRE alone and RRE plus Rev signatures described above, the capacity of K-means clustering to expose unique, single-cell, WPRE-associated CFP rise behaviors demonstrates its utility as a tool to derive gene expression profiles at higher resolution than conventional aggregate analyses (i.e., Figure 3G ).
DISCUSSION
In this study, we describe assays that, combined, constitute a relatively comprehensive imaging-based platform for studying mRNA trafficking and gene expression activities linked to specific viral and cellular cis-acting RNA elements. To validate the system, we compared the effects of six discrete RNA structures previously implicated in mRNA trafficking and translation using quantitative measures including: manual scoring of transitional phenotypes ( Figure 2) ; computational cell segmentation coupled to relative bulk MFI measurements in the cytoplasm and nucleus ( Figure 3) ; and a datamining strategy, K-means clustering, that provides a novel, highresolution approach for elucidating otherwise invisible single-cell mRNA translation/protein turnover signatures. With the exception of the scoring of transitional phenotypes (Figure 2 ), the analysis is fully automated in the context of our image analysis pipeline. A current goal for achieving full automation is to implement machinelearning algorithms into the platform, thereby obtaining the capacity to objectively identify and classify even very transient phenotypes for hundreds of cells in a single experiment.
Per cell variability is intrinsic to gene expression kinetics or infection dynamics in the context of an otherwise highly similar cell population (Elowitz et al., 2002; Snijder et al., 2009; Timm and Yin, 2012; Buettner et al., 2015; Sen et al., 2015; Ciuffi et al., 2016) . Such het-localized mCherry (mCherry-NLS) by retroviral transduction before puromycin selection and derivation of a high-performance singlecell clone using limiting dilution (HeLa-MS2-YFP/mChe-NLS cells). The mCherry-NLS vector plasmid was generated by PCR amplification of the mCherry reading frame and overlapping PCR to generate a fusion to the NLS derived from the M9 domain of the cellular protein hnRNPA1 (Siomi and Dreyfuss, 1995) . CFP-MSL plasmids were generated by inserting cerulean cfp cDNAs (Rizzo et al., 2004) into pcDNA3.1 using NheI and BamHI cut sites, adding the ∼1.3 kb 24x MS2 stem loops (24xMSL) cassette (Bertrand et al., 1998) 
Live-cell imaging
For all experiments, MS2-YFP HeLa cells were plated for ∼40% confluency in eight-well no. 1.5 glass-bottom slides (Ibidi) before transfection and imaging. Cells were transfected with 200 ng of plasmids encoding each CFP expression vector using polyethylenimine (PEI; #23966; Polysciences). PEI (1 mg/ml stock concentration) was mixed with DNA in 25 µl Opti-MEM (Thermo Fisher) at a ratio of 3:1 PEI to DNA (e.g., 600 ng of PEI to 200 ng DNA). Transfection mixes were incubated for 15 min at room temperature and then added directly to cells. PEI typically yielded 30-60% transfection efficiency in our HeLa-MS2-YFP cells.
Imaging was carried out using a Nikon Ti-Eclipse inverted widefield epifluorescent deconvolution microscope (Nikon Corporation) equipped with an Orca-Flash 4.0 C11440 camera (Hamamatsu) and Nikon NIS Elements software (version 4.00.03). Cells were imaged in two dimensions starting at 3 h posttransfection and for up to 30 h with cells maintained at 37°C, ∼50% humidity, and 5% CO 2 in a LiveCell stage top incubator (Pathology Devices). Single images were acquired every 20-90 min, depending on the experiment, using 
Image analysis
The amount of image data generated necessitated automated image analysis methods for the extraction of CFP, YFP, and mCherry intensity and derivation of subcellular distribution. Time-lapse movies were postprocessed with cells tracked over time using FIJI/ImageJ2 plug-ins (Schindelin et al., 2012 (Schindelin et al., , 2015 Aligeti et al., 2014) integrated into the Konstanz Information Miner (KNIME) image analysis platform (Berthold et al., 2008) . The KNIME platform includes image postprocessing, subcellular segmentation, cell tracking (TrackMate), and extraction of cellular morphological feature descriptors for final singlecell analysis. Within the KNIME workflow, nuclear portions of each cell were defined by mCherry-NLS fluorescence to identify and track each cell. For MS2-YFP tracking, single-cell fluorescence intensity of infection from cell to cell (Beckham and Parker, 2008; Miller and Krijnse-Locker, 2008; den Boon and Ahlquist, 2010; Mothes et al., 2010) . Here we show that viral RNA transport elements not only ensure RNA nuclear egress but also endow RNAs with diverse and extraordinary cytoplasmic trafficking behaviors. Both the RRE plus Rev and WPRE conditions triggered burst mRNA nuclear export and enhanced the rates of CFP production more than threefold on a per cell basis relative to control transcripts (Figure 3) . We also noted interesting differences for these elements in terms of the frequency of burst export and CFP expression profiles on a per cell level. We speculate that the RRE plus Rev programs a single burst activity needed for a rapid early rise to gene expression followed by stabilization in the cytoplasm ( Figure 3F ). By contrast, the WPRE's pulsiform activity allows transcripts to build up in the cytoplasm incrementally ( Figure 3F ), perhaps explaining why it regulated CFP rise kinetics that were more linear ( Figure 3G ). We also found it compelling that our clustering analysis suggested that the RRE exhibits an activity independent of Rev, yielding more rapid relative rates of CFP expression at early time points compared with the cfp-∆EE control ( Figure 4C , compare blue and purple bars).
Of course, scenarios for viral RNAs are inherently more complicated during infection, reflecting roles for complex mRNA splicing regimes and contributions from additional cis-acting elements and/ or nucleic acid modifications (Cochrane et al., 2006; Swanson and Malim, 2006; Sommer and Heise, 2008; Bolinger and Boris-Lawrie, 2009 ). Moreover, integration into the host cell chromatin is obligatory to the retroviral life cycle, thus subjecting viral RNAs to an additional level of tight gene regulatory control (e.g., transcriptional regulation by HIV-1 Tat and/or cellular transcription factors) (Varmus, 1988; Swanstrom and Wills, 1997; Wu, 2004) . That said, the "burst" phenotype observed for our CFP-RRE transcripts expressed with Rev was identical to what we have previously described for fulllength, intron-retaining HIV-1 RNAs (Pocock et al., 2016) . Thus we hypothesize that the differential activities described herein, intrinsic to each RNA regulatory element, reflect core features of each virus's (or NXF1's) posttranscriptional regulatory program. Future work will dissect select minimalist scenarios (e.g., RRE alone or "burst" export conditions) using gene silencing or pharmacological inhibitors to more fully elucidate the viral and cellular machineries involved. Moreover, the observations fuel our more expansive efforts to generate a full, imaging-based model of the posttranscriptional regulatory stages of HIV-1 and HBV (Aligeti et al., 2014; Pocock et al., 2016; Unchwaniwala et al., 2016) . Such efforts may expose new virus-host interactions relevant to the development of novel antiviral strategies.
In sum, the described assays allow access to spatial and temporal dynamics of the integrated processes of transcription, mRNA trafficking, and translation in single cells, providing insights that would be difficult if not impossible to access using traditional biochemical approaches. Our strategy should also hold utility as a screening platform for identifying additional unique viral (or cellular) cis-acting RNA regulatory elements or trans-acting factors that modulate viral RNA trafficking behaviors and/or cytoplasmic utilization.
MATERIALS AND METHODS

Cell lines and plasmids
Human HeLa cervical carcinoma cells were obtained from the American Type Culture Collection (ATCC) and cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 1% l-glutamine, and 1% penicillin/streptomycin. HeLa-MS2-YFP cells were generated by retroviral transduction as previously described (Sherer et al., 2003; Pocock et al., 2016) and further modified to stably express nuclear-measurements were obtained for nuclear versus cytoplasmic compartments. Transitional phenotypes (Figure 2) were scored for >30 cells for each condition. Cytoplasmic measurements were constrained to a region within 10 um of the nuclear boundary. Nuclear and cytoplasmic MFIs were calculated as the upper 75th quartile of the median fluorescence for a minimum of 30 cells in experiments done in triplicate (Figure 3 ). For CFP measurements (Figures 3 and 4) , single cells were tracked using the mCherry-NLS signal, and the CFP MFI overlapping the mCherry-NLS signal was extracted on a per cell basis in order to roughly control for area and ensure minimal cell-cell signal overlap. t = 0 represented the first detection of CFP expression over background. Daughter cells following cell division or dying cells were excluded from CFP rise-time analyses. Three independent experiments of CFP rise time were averaged at the t = 0, 5,10,15, and 20 h time points for the ∆EE, RRE, RRE plus Rev, and WPRE conditions (n > 100 per experiment). A one-way analysis of variance (ANOVA) was conducted to compare CFP export element conditions on the fluorescence intensity at different time points. Levene's F test was used to determine the homogeneity of variance before ANOVA. A Welch ANOVA determined that the effect of export elements on CFP fluorescence intensity resulted in a statistically significant difference between groups at the 10, 15, and 20 h time points (F (3, 4.2) = 6.9, p = 0.04; F (3, 4.2) = 8.6, p = 0.02; F (3, 4.2) = 10.8, p = 0.01, respectively). A Games-Howell post hoc procedure showed that the RRE plus Rev condition was significantly different from the ∆EE condition at the t = 10, 15, and 20 h time points (p < 0.05), and RRE and RRE plus Rev conditions were significantly different at the 15 and 20 h time points (p ≤ 0.05). To control for some of the heterogeneity intrinsic to transient transfection, we excluded cells that did not achieve a threshold MFI of 200 fluorescence intensity arbitrary units over the 20 h time course from all analyses based on observations that weak CFP fluorescence correlated with weak MS2-YFP trafficking activities.
For a more detailed analysis of how cis-acting export elements influence CFP rise kinetics in single cells, K-means clustering was used to objectively identify unique gene expression signatures (Figure 4) . Each single-cell CFP rise curve was populated with 61 time points (images acquired every 20 min), thus covering a total of 20 h. Minimum-maximum normalization [0,1] over the time course was used to derive net changes to CFP MFI over time independent of magnitude before clustering. The best arrangement of K-cluster centroids was selected out of 30 replicate clusters at different starting values. A cosine distance measure was used to assign data points to clusters. The MATLAB (MathWorks) "silhouette" function was used to examine cluster separation and to determine an optimal number of clusters for CFP rise signatures. The silhouette value [−1,−1] is a measure of how similar each CFP signature is to other signatures in its respective cluster compared with CFP signatures in the five other clusters. Silhouette values greater than 0.6 were considered the minimal acceptable score to determine optimal cluster separation. To compare the frequency distributions of the CFP conditions in each of the clusters, we used a chi-square test for homogeneity of multiple populations. The null hypothesis is that the frequency of the CFP conditions is the same across all six cluster groups.
